A new concept of topological insulators proposed for 2D graphene with time-reversal Z 2 invariance 1 and its clear experimental evidence recently given for cadmium telluride with superlattice structure 2 as well as other three dimensional topological insulators (3D-TIs) have been giving a strong impact in materials science [3] [4] [5] . A spin momentum locked Dirac cone surface of 3D-TIs is predicted as a source of an ultralow dissipative spin-charge current where the electron's spin orientation is relatively locked to its propagation direction. Because this current induced spin polarization is efficient to rewrite a magnetic memory under the least possible current and energy consumption, the 3D-TI is promising for the future spintronics and therefore various theoretical and experimental researches were conducted to manipulate its intrinsic physical properties [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] .
For practical usages of 3D-TIs, however, high quality 3D-TI surface with a tunable
Fermi level under bulk insulating electronic states as well as large surface area on various targeted substrates are required. For this purpose, mechanical exfoliation 9, 11, [26] [27] [28] , solvothermal synthesis 29 , chemical vapor deposition (CVD) 30, 31 , and physical vapor deposition (PVD) [32] [33] [34] have been studied to date, but uniform 3D-TI ultrathin films with bulk insulating electronic background states are only available in the limited size (usually less than 100 µm). Although molecular beam epitaxy (MBE) 13, 35, 36 has frequently been employed for a large-area synthesis of bulk insulating 3D-TI thin films in the fundamental research, both time-consumed processes and expensive production cost are the serious bottleneck for practical applications. Moreover, a controllable growth of some important bulk insulating 3D-TI compounds such as Bi 2-x Sb x Te 3-y Se y (BSTS) was not achieved by the MBE promising for the future application studies based on the splendid bulk insulating properties 37, 38 and the robust quantum Hall state 12 in the bulk single crystal. Consequently, uniform and large-area synthesis of bulk insulating 3D-TI ultrathin films is presently the important priority research.
In this report, we demonstrated that high quality bulk insulating 3D-TIs can epitaxially be grown in centimeter-size, via catalyst-free physical vapor deposition (CF-PVD) for BSTS Alternatively, we importantly found that the grown BSTS ultrathin films can be exfoliated and transferred to other substrates without any damage using a deionized water as displayed in Fig.1(c)-(f) .
In the initial stage of growth, hexagonal or triangular -shaped BSTS nanoplates (NPs)
were uniformly nucleated on mica with similar orientation ( NPs with several µm in size stacked on the precedently grown plates, ending up with a large single crystal NP in the layer-by-layer van der Waals epitaxy growth mode 42 . The latter growth mode is desirable for the purpose of TI applications to electronic devices.
Taking various applications of 3D-TI thin films into account, the grown ultrathin films on mica in the layer-by-layer mode were exfoliated and transferred on other substrates.
We tested various exfoliation methods of BSTS thin films grown on mica and found a newly effective method that can preserve the original crystal structure and the mobility of BSTS as demonstrated in Fig.1 
(d, f).
As-grown films were dipped into deionized water in several to several tens of seconds ( Fig. 1(d) ). For the thicker film (t > 15 nm), as-grown BSTS thin films were precedently dipped into a 2.38 % tetra-methyl ammonium hydroxide (NMD-W 2.38%) aqueous solution in several seconds ( Fig. 1(f) ) until the outer edge of BSTS film began to be peeled off from the substrate (Fig. 1(f) ). NMD-W was chemically inert to BSTS. A completely peeled BSTS thin film with a t range from 3 nm to 30 nm floats on a water surface as a free-standing film ( Fig. 1(d-f) , also See Supporting Information Fig. S4 ) after dipping, was transferred on a SiO 2 substrate (Fig. 3(a-d) ). For t > 15 nm, NMD-W was washed out by deionized water, acetone, isopropanol. Finally, the transferred films were subjected to one hour annealing at 100  C in a vacuum oven to remove residual water. In the earlier report, the as-grown 3D-TI thin film was covered by the polymethyl methacrylate (PMMA) then the buffered oxide etching (BOE) or potassium hydroxide (KOH) solution 39 or KOH solution and deionized water 43 was employed to peel off the 3D-TI film from a sapphire substrate. However, the carrier mobility was suppressed to be 900 -1800 cm 2 V -1 S -1 39 and the PMMA is hard to remove perfectly 44 . Therefore, the present transferred free-standing BSTS films preserving the original film shape without such protection is a useful method to fabricate various electronic devices using 3D-TI ultrathin films.
BSTS thin film epitaxially grown on mica was transferred to a SiO 2 /Si substrate after exfoliation and characterized by energy dispersive X-ray (EDX) spectroscopy, X-ray photo emission spectroscopy (XPS), X-Ray diffraction (XRD) and Raman spectroscopy. For EDX measurements, the as-grown film on mica was first transferred on a conducting carbon tape or a SiO 2 /Si (300 nm) substrate, because selenium (Se) ratio was usually underestimated S6 ). Thin films from 3 to 30 nm in thickness were evaluated in the same fashion by Raman spectra as shown in Fig. 3(g) . It is apparent that BSTS thin films can nondestructively be exfoliated from mica and transferred to other substrates in keeping the as-grown compositions.
In order to confirm the electronic states of the topological surface of the BSTS thin films, electrical transport was measured using various thickness films. Temperature dependence of the longitudinal resistance R xx systematically changed with a decrease in a film thickness, being consistent with previous reports 25, 46 (See Supporting Information Section 4 and Fig. S7 ). After the film transfer from mica to a Si substrate with an oxide layer of 300 nm, we fabricated a bottom-gated BSTS thin film transistor with six Au/Cr (50nm/5nm) electrodes by thermal evaporation using a metal mask. We selected a film with 3 nm, 10 nm, 18 nm in thickness to demonstrate accurate tunability of its chemical potential by controlling back gate voltage (V G ). As shown in Fig.4 (a) , ambipolar carrier conduction was clearly observed by controlling V G for the 18 nm thick film. As V G becomes large to the negative direction, R xx (black line) increased until reaching a maximum at V G = -130 V and then decreased. The same situation can also be viewed for the Hall coefficient (red line) in the same figure, where the sign changed from minus (electron conduction) to plus (hole conduction). For the 10 nm thick film as shown in Fig. 4(b) , an on/off ratio in R xx -V G curve tended to be enhanced, being consistent with a decrease in a contribution of bulk electronic states. A clear two peak structure at around -100 V and -130 V indicated the non-equivalent Fermi level shift for the top and bottom surface states in the bottom-gated 3D-TI thin film transistor 12, 25 . The V G dependence of R xx was a little bit asymmetric in shape before and after the sign change, and such R xx -V G characteristics resemble the previous observations on the 3D-TIs. It is generally noticed that asymmetric surface band structure in 3D-TIs between the electron and the hole sides frequently gives an asymmetric ambipolar action. These results confirm that high quality of massless Dirac cone surface states in BSTS thin films are well preserved even after the transfer process. When the film thickness was reduced to the 3 nm, R xx -V G curve showed an ultrahigh on/off ratio ~ 10 4 as shown in Fig. 4(c) . In the 3D-TIs, hybridization between top and bottom surface opened the energy gap on the topological surface states below the critical film thickness 35 . Since the R xx at V G = 0 V is comparable to those in 3D-TI ultrathin film with film thickness of 2 -3 nm 46 , this high on/off ratio indicates the massive Dirac fermion in the present BSTS ultrathin film under the highly insulating electronic background.
As shown in Fig. 4 (d) , magnetoresistance for 18 nm thick film showed a weak antilocalization-like behavior decorated by clear Shubnikov-de Haas (SdH) oscillations at V G = 0 V, manifesting that the transferred BSTS thin film is high quality. The oscillatory components after subtracting the background magnetoresistance as shown in Fig. 4 (e,f) where m e is the free electron mass, and these values are almost same as those in bulk BSTS single crystals 49 .
In summary, the epitaxial growth of BSTS on a mica substrate by the catalyst-free 
